Significant grain refinement has been achieved in a cast Mg-based AZ91 alloy via large strain hot rolling. This is a simple processing method consisting of one rolling pass at intermediate temperatures with a large thickness reduction. The as-cast material was first homogeneized in order to obtain a homogeneous and equiaxed grain structure with a random texture. During processing, a double-peak basal texture develops, typical of rolled Mg alloys, that results from the operation of basal, prismatic and pyramidal hc þ ai slip. The stabilization of this deformation texture during rolling suggests that the mechanism for grain refinement is continuous dynamic recrystallization.
Introduction
Research in magnesium alloys has surged in recent years. On the one hand, these materials have attracted significant interest from industry since they are potential candidates for fabrication of some automobile parts that could replace heavier materials such as steel or aluminium alloys. 1) From the academic point of view, understanding the complex microstructural evolution of magnesium alloys during thermomechanical processing is still an appealing challenge.
Although it is well known that wrought Mg alloys have better mechanical properties than cast alloys, most parts are currently formed by die-casting.
2) This is due to the low ductility of Mg alloys, which is intimately related to their hcp lattice. Thus, in order to overcome these difficulties, significant efforts are being devoted to optimise processing routes for microstructural design of Mg alloys. It is well known that a decrease in grain size increases the yield strength at room temperatures according to the Hall-Petch law. Simultaneously, grain boundary sliding (GBS) is also favoured by the fine grain size and may enhance superplasticity at high strain rates or low temperatures, where it is more difficult to attain large elongations. 3) Several processing routes have been proposed for grain refinement in Mg alloys. 4) Conventional thermomechanical ingot processing, particularly by hot extrusion, has allowed to prepare microstructures with grain sizes finer than 10 mm. Other more expensive procedures have been used to obtain even finer microstructures. For example, powder metallurgy techniques have been successfully applied to obtain 1 mm grain sizes. 5) Rapid solidification has allowed to design Mg materials with amorphous or nanocrystalline microstructures. In recent years methods for grain refinement through severe plastic deformation (SPD) have been widely embraced by the scientific community. 6, 7) These methods, that include equal channel angular extrusion (ECAE), high pressure torsion (HPT), accumulative roll bonding (ARB) and others, allow engineering of microstructures with submicron or nanocrystalline grain sizes. 7) In particular, several investigations on Mg alloy processing by equal-channel-angular extrusion have been reported in the last five years. [8] [9] [10] [11] [12] [13] Grain sizes of about 1 mm were obtained in an AZ91 alloy. 8) However, SPD techniques only allow processing small billets and are therefore nowadays not viable for industrial applications. Therefore, it is necessary to develop simpler and at the same time effective and inexpensive processing routes for grain refinement.
The microstructural evolution during thermomechanical processing (TMP) of polycrystalline Mg alloys is complex and still is not thoroughly understood. On the one hand, the anisotropy of the hcp lattice results in a dramatic influence of texture on the activated deformation modes. 14) On the other hand, the need to fulfil the requirement for at least 5 slip systems to achieve intergranular plastic compatibility 15) may result in the activation of several types of slip systems as well as twinning depending on deformation conditions such as stress and strain rate. Additionally, both the deformation and recrystallization mechanisms are remarkably influenced by temperature. 16) Optimizing TMP routes for improved properties requires a thorough understanding of the microstructural evolution during processing. Thus, further work is still needed in this area.
The aim of this work is to explore the feasibility of grain refinement in a Mg AZ91 alloy by large strain hot rolling (LSR). This is a simple processing route that consists on imposing large thickness reductions using the lowest possible number of passes. Additionally, the microstructural evolution of the AZ91 alloy during processing will be studied by texture analysis and optical microscopy.
Experimental Procedure
The AZ91 alloy investigated was provided by Noranda Magnesium in the form of as-cast slabs of 3.8 mm thickness. The main alloying elements are Al (9 mass%) and Zn (1 mass%). The composition of the second phases present in the as-received material was analyzed by X-ray diffraction in a Siemens D5000 diffractometer and by microanalysis techniques in a JEOL 6500 FEG-SEM using the Oxford Instruments INCA software.
Samples of rectangular shape (7.5 cm Â 4 cm) were cut out of the initial slabs. Solution heat treatments at 425 C for 1 h were applied to these samples in order to obtain a singlephase equiaxed microstructure prior to processing. Large strain rolling (LSR) consisting on one rolling pass at 400 C to different final thicknesses was carried out in the heat treated samples. Passes with increasing thickness reductions from 10% to 83% were executed. No limit was found in the thickness reduction that the material is capable of supporting during the first pass in the AZ91 alloy studied, which possessed an initial random texture. Larger reductions were not carried out because of limitations of the experimental setting. In order to avoid central splitting during rolling, the rectangular samples were grinded down to a tip on one end. For reductions larger than 30%, some minor edge cracking was observed. However, crack length was small and the damaged area could be easily grinded down.
The microstructure and texture of the as-received, solution treated and rolled samples were examined by optical microscopy (OM) and X-ray diffraction, respectively. Macrotexture analysis was performed in the mid-thickness of all samples by the Schulz reflection method using a Siemens D5000 diffractometer furnished with a closed eulerian cradle. The (0002), , (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , (10) (11) (12) and (10-13) pole figures were measured. The polar angle ranged from 0 to 85 at steps of 5 From them, the complete direct pole figures were calculated using the software DIFFRAC PLUS. Sample preparation for optical microscopy and texture analysis was described elsewhere.
17) The average grain size was measured by the linear intercept method. The volume fractions of small recrystallized grains after different thickness reductions were estimated superimposing a square mesh to the optical micrographs and counting the mesh points belonging to light (large grains) and dark (small grains) regions. Several micrographs, taken at 20x magnification, were used for each measurement. Figure 3 . illustrates the microstructural evolution of the solution treated AZ91 alloy, at two magnifications, after one rolling pass at 400 C with the following thickness reductions: 30% (Fig. 3(a) ), 50% (Fig. 3(b) ), 71% (Fig. 3(c) ), and 83% ( Fig. 3(d) ). The microstructures developed after one pass of 30% and 50% reduction are very similar. Significant twinning takes place during deformation. Slightly wavy grain boundaries can be appreciated. A few recrystallized grains (appearing as dark areas) tend to form preferentially along grain boundaries and twinned regions. The volume fraction of recrystallized grains is very small and therefore the grain size both after 30% and 50% reduction remains similar to that of the as-received material. With increasing thickness reduction, the volume fraction of small grains increases. It can be clearly seen that a large volume fraction of dynamically recrystallized grains is present upon one rolling pass with large thickness reduction (Figs. 3(c) and  (d) ). The estimated volume fractions of recrystallized grains corresponding to the samples rolled 71%, and 83% are, respectively, 71% and 81%. Figure 4 is an enlarged view of Fig. 3(d) showing the microstructure developed after one pass with 83% thickness reduction, where the small size of the recrystallized grains can be appreciated. The average grain size of the recrystallized grains is 1.4 mm.
Results
The evolution of the macrotexture during large strain hot rolling of the AZ91 alloy can be appreciated in Fig. 5 . The texture has been represented using the (0002) (basal) pole figures. After a reduction of 30% a weak basal-type texture develops ( Fig. 5(a) ). No other texture components appear. With increasing rolling reduction the texture becomes better defined and the splitting of the basal peak becomes more apparent (Figs. 5(b)-(d) ). The two maxima are rotated approximately 14 from the normal direction (ND) towards the rolling direction (RD). This texture is stable during rolling and its intensity increases further during larger strain passes (Figs. 5(c) and (d)).
Discussion
Significant grain refinement has been predicted to occur during thermomechanical processing when the ZenerHollomon parameter is high, i.e., through deformation at high strain rates and low temperatures. 18) Large strain hot rolling, a process where strain rates of the order of 10 s À1 are involved, has in fact proven to be a simple and effective method for grain refinement in the AZ91 alloy. The value of the Zener-Hollomon parameter corresponding to the rolling conditions used in this work and calculated according to Dieter 19 ) is 8 Â 10 12 s À1 . This high Z value 20) is consistent with the significant grain refinement observed. The size of the recrystallized grains formed during processing is comparable to that achieved by more sophisticated methods such as powder metallurgy 5) or even ECAE in some cases, [8] [9] [10] although the microstructure is rather heterogeneous. Gholina et al. 21) have recently used large strain hot rolling to develop microstructures with grain sizes on the order of 1 mm in AlMg alloys. Lin et al. 22) have instead utilized high ratio extrusion to develop fine microstructures (1-4 mm) in an AZ31 alloy.
The double-peak texture developed during large strain hot rolling (Fig. 5) is a deformation texture typical of rolled Mg alloys. 23) However, its origin is still not clear. Several explanations have been put forward over the years. Bakarian 24) proposed a {10 1 11} twinning mechanism. Couling 25) as well as Wonsiewicz and Backofen 26) suggested that {10 1 11} twinning followed by {10 1 12} twinning takes place during rolling of Mg alloys, although they did not relate this directly to the rolling texture. Agnew et al. 27) recently simulated the texture evolution during plane strain deformation of randomly oriented pure Mg, Mg-Li, and Mg-Y polycrystals using a viscoplastic self-consistent formulation. They found a good correlation between simulated and double-peak experimental textures when an increasing Grain Refinement in a Mg AZ91 Alloy via Large Strain Hot Rollingactivity of non-basal hc þ ai slip was taken into account on top of basal slip, twinning and prismatic slip. In the AZ91 alloy studied in this work texture strengthening takes place with increasing rolling reductions, where less twinning activity is observed. Thus, the explanation put forward by Agnew et al. 27) seems to be the most adequate to explain the texture evolution observed. Figure 3 illustrates that dynamic recrystallization takes place during large strain hot rolling of the AZ91 alloy studied. The fraction of dynamically recrystallized grains increases significantly with growing thickness reductions. Dynamic recrystallization may take place in a discontinuous (DDRX) or a continuous (CDRX) fashion during hot deformation. 28, 29) DDRX involves the classical mechanisms of formation of dislocation-free nuclei, separated from the deformed matrix by high angle boundaries (HABs), and subsequent growth of these nuclei. During CDRX, in turn, cell walls and subgrain boundaries form during the first stages of deformation as a consequence of the interaction of dislocations gliding in different slip systems. As strain progresses, subboundary misorientation increases by dislocation accumulation and, simultaneously, increasingly better defined interfaces are formed. This process leads ultimately to the formation of HABs. CDRX does not take place at the same rate in all grains and therefore usually a distribution of subgrains (surrounded by low angle boundaries, LABs), grains (surrounded by HABs) and (sub)grains (delimited by moderately misoriented boundaries) is usually present in the microstructure at intermediate strains. During static heat treatments, discountinuous recrystallization is usually accompanied by a dramatic texture change whereas continuous recrystallization often leads to the retention and strengthening of the initial deformation texture. 30) The fact that, in the AZ91 alloy studied, dynamic recrystallization is accompanied by the stabilization of a typical Mg rolling texture and that additional texture components are not apparent may be indicative of CDRX. Further work using TEM is in progress to support this assertion.
It is to note that a similar processing route was performed in an AZ61 Mg alloy with a strong initial basal texture. However, dramatically different results were obtained. 17) First, the maximum reduction allowed during the first pass was 30%. Second, grain refinement took place by a different dynamic recrystallization mechanism, namely rotational recrystallization (RRX). These divergences suggest that the dynamic recrystallization mechanism responsible for grain refinement during LSR of Mg alloys is highly dependent on the initial texture. This may be rationalized taking into account the large anisotropy of the hcp lattice, that determines the predominant deformation mechanisms in an hcp alloy with a certain initial texture under a given stress state. 31) That is, the deformation mechanisms operative during straining of Mg alloys are not only dependent on the testing conditions such as temperature and strain rate, but also on the initial texture of the material. The deformation and recrystallization mechanisms in Mg alloys are deeply correlated, as has been previously suggested by Galiyev et al. 16) These authors have proposed that the predominance of a certain deformation mechanism would lead to the occurrence of a corresponding specific dynamic recrystallization mechanism. Thus, as a consequence of the dependence of the deformation mechanisms on the initial texture, the dynamic recrystallization mechanisms would also be texture-dependent. Presumably, the same would apply during deformation under different stress states such as uniaxial deformation, biaxial deformation and others.
The rather heterogeneous microstructure obtained by LSR does not prevent significant enhancement of the mechanical properties of Mg alloys. For example, it has been previously reported 17) that elongations as high as 600% were obtained in an AZ61 alloy processed by LSR when tested in tension at 250 C and using an initial strain rate of 2 Â 10 À4 s À1 . Preliminary tests in the AZ91 alloy of this study show that significant improvements in mechanical properties such as flow stress and ductility both at room temperature as well as at high temperature can be obtained in the processed AZ91 alloy with respect to the as-cast material. Moreover, the resulting properties seem to be comparable to those corresponding to AZ91 alloys processed by other more complicated and costly processing methods. Further work needs to be done to characterize the mechanical behavior of Mg alloys processed by LSR and these results will be reported in a 5 µm separate publication. The increase in the volume fraction of recrystallized grains with rolling reduction suggests that the grain size heterogeneity may be reduced by using even larger reductions per pass.
Conclusions
In this work we examined the possibility of utilizing large strain hot rolling (LSR), consisting on one rolling pass with large thickness reductions, for grain refinement in a Mg AZ91 alloy. Additionally, the microstructural evolution of this material during processing was characterized by optical and electron microscopy as well as by texture analysis. The following conclusions can be drawn from this study:
(1) Significant grain size refinement has been successfully achieved in an AZ91 alloy via large strain hot rolling. This processing route, thus, constitutes an alternative to other more expensive and less efficient methods such as powder metallurgy or ECAE. (2) The dynamic recrystallization mechanisms predominant in Mg alloys during large strain hot rolling are highly dependent of the initial textue. This observation would also likely apply to deformation under other stress states such as uniaxial loading, biaxial loading and others.
